The majority of the Na þ and Cl À filtered by the kidney is reabsorbed in the proximal tubule. In this nephron segment, a significant fraction of Cl À is transported via apical exchange rather than Cl À -formate exchange. Microperfusion studies in CFEX-null mice revealed that CFEX plays an essential role in mediating oxalate-dependent NaCl absorption in the proximal tubule. CFEX-null mice were found to have hyperoxaluria and a high incidence of calcium oxalate urolithiasis. The etiology of hyperoxaluria in CFEX-null mice was observed to be a defect in oxalate secretion in the intestine, leading to enhanced net absorption of ingested oxalate and elevation of plasma oxalate. Thus, by virtue of its function as a Cl À -oxalate exchanger, CFEX plays essential roles both in proximal tubule NaCl transport and in the prevention of hyperoxaluria and calcium oxalate nephrolithiasis. The majority of the Na þ and Cl À filtered by the kidney is reabsorbed in the proximal tubule. In this nephron segment, a significant fraction of Cl À is transported via apical membrane Cl À -base exchange: Cl À -formate exchange in parallel with Na þ -H þ exchange and H þ -formate cotransport, [1] [2] [3] [4] [5] [6] [7] and Cl À -oxalate exchange in parallel with oxalate-sulfate exchange and Na þ -sulfate cotransport. 3, 4, [6] [7] [8] [9] Apical membrane Cl À -OH À and Cl À -HCO 3 À exchange has also been observed. [10] [11] [12] A search for the transporter responsible for apical membrane Cl À -formate exchange in the proximal tubule led to the identification of SLC26A6 (CFEX). 13 Interestingly, CFEX was found to be capable of mediating not only Cl À -formate exchange but also the other Cl À -base exchange activities described in the proximal tubule.
14-18 A key issue has been to determine which, if any, of these anion exchange activities mediated by CFEX is important for renal function and dysfunction in vivo. This review will highlight emerging evidence for the essential function of CFEX as a Cl À -oxalate exchanger that not only contributes to proximal tubule NaCl transport but also mediates oxalate secretion in the intestine and thereby prevents calcium oxalate urolithiasis.
APICAL MEMBRANE CL

À -BASE EXCHANGE ACTIVITIES IN THE PROXIMAL TUBULE
Although a major component of Cl À reabsorption in the proximal tubule is passive and paracellular, several lines of evidence indicated an important contribution of transcellular mechanisms. 19 Studies using renal brush border membrane vesicles could not detect significant Na exchange activity is present on the apical membrane of intact proximal tubule cells, 11, 12 although there is nephron heterogeneity in this regard. 12 The operation of Cl À -OH À or Cl À -HCO 3 À exchange in parallel with Na þ -H þ exchange, which had previously been described in renal brush border vesicles, 21, 22 was a plausible mechanism for NaCl entry across the apical membrane of proximal tubule cells, as illustrated in Figure 1 . But it was not clear how Cl À -formate exchange and Cl À -oxalate exchange could mediate substantial quantities of Cl À absorption unless there were mechanisms to recycle these organic anions from the lumen back into the cell. Studies using renal brush border vesicles to search for possible mechanisms of lumen to cell formate transport failed to demonstrate direct Na þ -formate cotransport, but instead found that imposing an inward H þ gradient markedly stimulated formate uptake. 1, 5 The kinetics of this pH-dependent formate transport suggested a mediated process of H þ -formate cotransport or OH À -formate exchange in addition to simple non-ionic diffusion. 5 These findings suggested a model by which formate might facilitate NaCl entry across the apical membrane of proximal tubule cells, 1 as illustrated in Figure 1 . The inward H þ gradient generated by Na þ -H þ exchange would drive filtered formate into the cell by H þ -coupled transport, shown in Figure 1 as H þ -formate cotransport. The outward formate gradient would then drive Cl À entry by Cl À -formate exchange. Possible mechanisms to mediate lumen to cell transport of oxalate were similarly evaluated. Although there was no significant Na þ -oxalate cotransport activity, oxalate-sulfate exchange activity was found in renal brush border vesicles, 9 consistent with the previously described presence of an anion exchanger mediating sulfate transport. 23 These findings suggested a model by which oxalate might facilitate NaCl entry across the apical membrane of proximal tubule cells, 9 as also illustrated in Figure 1 . Uphill sulfate absorption by Na þ -sulfate cotransport would generate an outward sulfate gradient that could then drive oxalate uptake by sulfateoxalate exchange. The outward oxalate gradient would then drive Cl À entry by Cl À -oxalate exchange. The models of NaCl transport shown in Figure 1 were tested in tubule microperfusion studies. Proximal tubules were microperfused in situ with a low-bicarbonate (5 mM), low-pH (6.7) solution simulating conditions in the later portions of the proximal tubule after substantial secondary active reabsorption of bicarbonate has taken place. Under these conditions, the rate of volume absorption (J v ) is an index of 'isosmotic' NaCl absorption. 6 The addition of formate or oxalate strongly stimulated the rate of transtubular NaCl absorption. [2] [3] [4] The increments in NaCl absorption induced by formate and oxalate were not additive and were completely inhibited by addition of an anion exchange inhibitor, DIDS (4,4 0 diisothiocyanostilbene-2,2 0 -disulfonic acid), to the lumen perfusate or a Cl À channel blocker, diphenylamine-2-carboxylate, to the capillary perfusate. 3 These findings were consistent with the proposed roles of Cl À -formate and Cl À -oxalate exchange in mediating NaCl transport as shown in Figure 1 . In contrast, the baseline rate of NaCl absorption measured in the absence of formate and oxalate was completely insensitive to DIDS and diphenylamine-2-carboxylate. 3 This finding suggested that the transcellular Cl À transport pathways operating in the presence of formate and oxalate did not operate in their absence, arguing against a significant role for Cl
exchange in mediating NaCl transport in the superficial proximal tubule. It should be noted, however, that formateindependent NaCl absorption by Cl À -OH À exchange was described in juxtamedullary proximal tubules. 12 The proposed mechanisms of formate and oxalate recycling illustrated in Figure 1 were also evaluated in microperfusion experiments. 6 Luminal application of the Na þ -H þ exchange inhibitor ethyl isopropyl amiloride abolished stimulation of Cl À absorption by formate, but had no effect on stimulation by oxalate. Conversely, oxalate stimulation of Cl À absorption required the presence of sulfate in the perfusion solutions, but stimulation by formate did not require sulfate. These observations strongly supported the models for NaCl reabsorption in Figure 1 in which formate recycling is dependent on Na þ -H þ exchange, and oxalate recycling occurs by Na þ -sulfate cotransport in parallel with sulfate-oxalate exchange. Further supporting these models were the findings that formate-stimulated Cl À absorption was abolished in NHE3 (Na þ -H þ exchanger isoform 3)-null mice, whereas oxalate-stimulated transport was unaffected by the absence of NHE3. 7 
DISCOVERY AND CHARACTERIZATION OF SLC26A6 (CFEX)
The molecular identification of the apical membrane anion exchanger(s) mediating proximal tubule Cl À reabsorption had been elusive. An important advance toward this goal was the discovery that pendrin (SLC26A4), a member of the SLC26 'sulfate transporter' family, is actually a monovalent anion exchanger with the ability to mediate Cl À -formate exchange. 24, 25 Pendrin was therefore evaluated as a candidate to mediate apical membrane Cl À -formate exchange in the proximal tubule. Immunocytochemical localization studies failed to detect pendrin expression in proximal tubule cells, but instead found pendrin expression on the apical membrane of a subpopulation of cells in the collecting tubule. 13 A more detailed analysis of pendrin kidney expression identified this cell population as non-alpha intercalated cells mediating HCO 3 À secretion in the cortical collecting tubule. 26 A role for pendrin in the proximal tubule was also ruled out by the finding that there is no reduction in either brush border membrane Cl À -formate exchange or formate-stimulated transtubular NaCl absorption in pendrin-null mice. 27 As a strategy to identify additional candidate anion exchangers capable of mediating Cl À reabsorption in the proximal tubule, the mouse expressed sequence tag database was screened for homologues of pendrin. 13 A cDNA was identified that encoded a pendrin homologue expressed on the brush border membrane in mouse kidney. 13 It turned out to be the mouse orthologue of human SLC26A6, which had been independently identified by a database search for novel SLC26 gene family members. 28, 29 SLC26A6 was found to be relatively ubiquitously expressed in both epithelial and nonepithelial tissues with prominent expression in the heart, placenta, liver, skeletal muscle, kidney, pancreas, stomach, and small intestine. 13, 16, 28, 29 Immunolocalization studies demonstrated expression of SLC26A6 on the apical membrane in several epithelia including not only the proximal tubule 13, 30 but also pancreatic duct, 28 stomach, 31 and small intestine. 16 The first successful functional expression studies were performed on mouse SLC26A6 using Xenopus oocytes and demonstrated Cl À -formate exchange activity. 13 For this reason, the transporter was named CFEX. Because its function was not then known, human SLC26A6 had been deposited in the database as putative anion transporter 1 (PAT1). 28 Although PAT1 has been retained as an alternative name for SLC26A6, the same name has been applied to multiple other gene products including another transporter, a proton-coupled amino-acid transporter. 32 Although, as discussed below, Cl À -formate exchange may not be the most important physiological function of SLC26A6 in the proximal tubule, the name CFEX has the virtue of being unique and will therefore be used in this review.
Following initial description of CFEX as a Cl exchange, oxalate-sulfate exchange). [14] [15] [16] [17] Lactate and the anions of both short-and medium-chain fatty acids were also reported to be transported by CFEX. 33 Para-aminohippurate was found to be a non-transported inhibitor of CFEX activity. 14 Figure 1 that could contribute to NaCl entry across the apical membrane of proximal tubule cells. But a key issue was which if any of these modes of Cl À -base exchange mediated by CFEX significantly contributes to anion transport under physiological conditions in the proximal tubule and other native tissues.
PHYSIOLOGICAL ROLES OF CFEX IN VIVO
Studies in CFEX-null mice have begun to provide insight into the physiological roles of CFEX in vivo. A comparison of ion exchange activities in renal brush border vesicles from wild-type and CFEX-null mice is shown in Figure 2 . 36 The ability of an outward Cl À gradient to stimulate oxalate influx was completely abolished in CFEX-null mice (Figure 2a ), indicating that CFEX accounts for all of the apical Cl À -oxalate exchange activity in proximal tubule cells. In contrast to the complete loss of Cl À -oxalate exchange activity, there were only partial defects in sulfate-oxalate exchange ( Figure 2b ) and Cl À -formate exchange (Figure 2c ) in renal brush border membrane vesicles from CFEX-null mice. There was no detectable change in H þ -coupled formate transport or Na þ -H þ exchange in CFEX-null mice. 36 These findings are not altogether surprising because previous studies of anion transport in brush border vesicles strongly suggested the presence of at least three separate transporters mediating Cl À -formate, Cl À -oxalate, and oxalate-sulfate exchange. 8 39 In fact, the transport properties of CFEX as determined in Xenopus oocyte expression studies -high affinity for oxalate, high sensitivity to inhibition by disulfonic stilbenes, and ability to mediate electrogenic Cl À -oxalate exchange -most closely resembled the properties The possible role of CFEX-mediated anion exchange in transtubular NaCl absorption was assessed by microperfusion studies in CFEX-null mice. 40 Proximal tubules were again microperfused in situ with a low-bicarbonate, low-pH solution simulating conditions in the later portions of the proximal tubule. As shown in Figure 2d , the increment in NaCl absorption induced by the addition of oxalate to the perfusion solution was completely abolished in CFEX-null mice. The increment in NaCl absorption induced by formate was partially inhibited. Interestingly, the baseline rate of volume reabsorption measured in the absence of added formate and oxalate was not decreased in CFEX-null mice. The findings in Figure 2d are Figure 1 , and studies in null mice indicated that CFEX mediates substantial Cl À -HCO 3 À exchange activity at the apical membrane of proximal tubule cells as assayed by intracellular pH measurements, 40 CFEX appeared to primarily contribute to transtubular NaCl absorption by mediating Cl À -oxalate exchange in the intact proximal tubule under physiological conditions. Why might one mode of CFEX-mediated Cl À -base exchange, namely Cl À -oxalate exchange, be favored over others in a given epithelium in vivo? One possible explanation derives from the fact that the function of CFEX will depend on the relative concentrations and affinities for substrates and inhibitors. For example, oxalate is a relatively high-affinity substrate for CFEX, and para-aminohippurate, a prototypic organic anion secreted by proximal tubule cells, is a non-transported inhibitor.
14 Perhaps in experiments performed in vivo, the intracellular concentrations of inhibitor anions, like hippurates, accumulated by proximal tubule cells are sufficient to block activity of CFEX. If the binding of hippurates can be competitively released by the high-affinity substrate oxalate but not by bicarbonate, it might then explain why CFEX functions principally as a Cl À -oxalate exchanger in the proximal tubule in situ. Another possibility to explain preferential modes of transport mediated by CFEX is that they result from interactions with other proteins present in native tissues. For example, a functional interaction of CFEX with carbonic anhydrase II (CAII) has been demonstrated. 41 Mutation of the CAII binding site greatly reduced Cl À -HCO 3 À exchange activity mediated by CFEX, suggesting that the complex of CFEX with CAII represents a CO 2 /HCO 3 À transport 'metabolon'. 41 Activation of protein kinase C was found to dissociate CAII from CFEX. Thus, the regulated binding of CAII was found to be an important modulator of Cl À -HCO 3 À activity mediated by CFEX. 41 The possible regulated interaction of CFEX with CAII or carbonic anhydrase IV in proximal tubule cells has not yet been studied, but might explain why CFEXmediated Cl À -HCO 3 À activity does not contribute to transtubular NaCl transport under a given set of experimental conditions.
In view of the role of CFEX as an oxalate transporter, an interesting phenotype observed in CFEX-null mice was a high frequency of calcium oxalate urolithiasis. 36 Macroscopic stones were observed in the bladders of many of the null mice, as shown in Figure 3a . Staining of kidney sections with the Yasue metal substitution method revealed calcium oxalate deposits in the urinary space of CFEX-null mice, as illustrated in Figure 3b .
When plasma and urine concentrations of electrolytes and organic substances relevant to risk for nephrolithiasis were measured, the most striking abnormality observed in CFEX-null mice was severe hyperoxaluria, 36, 42 as shown in Figure 3c . As discussed and illustrated in Figure 1 , stimulation of proximal tubule Cl À absorption by oxalate had been interpreted to indicate that apical membrane Cl À -oxalate exchange functions in the direction of Cl À absorption and oxalate secretion. 3, 6, 43 Loss of apical membrane Cl À -oxalate exchange in the proximal tubule of CFEX-null mice might therefore be expected to cause reduced rather than increased urinary oxalate excretion. However, as illustrated in Figure 3d , the plasma oxalate concentration was greatly elevated in CFEX-null mice, 36 thereby explaining hyperoxaluria on the basis of enhanced filtration of oxalate. The elevated levels of plasma and urine oxalate in CFEX-null mice were greatly ameliorated when mice were fed an oxalate-free diet, 36 as also shown in Figure 3c and d. These findings CFEX expression had been observed on the apical membrane in many gastrointestinal tissues including the pancreas and small intestine. 16, 28 Moreover, Cl À -oxalate exchange activity had been demonstrated in brush border membrane vesicles isolated from small intestine. 44 Flux studies had indicated that the small intestine is capable of oxalate secretion. 45 To directly assess if CFEX mediates oxalate secretion in the small intestine, unidirectional absorptive and secretory fluxes of oxalate were assessed across duodenal epithelium in vitro.
36 CFEX-null mice were found to have a significant defect in the serosa to mucosa flux of oxalate, resulting in conversion of net oxalate transport from secretion to absorption. 36 Similar experiments were conducted in ileal epithelium in vitro, and also demonstrated conversion of net oxalate transport from secretion to absorption in CFEX-null mice. 42 Moreover, these latter experiments demonstrated a specific defect in Cl À -dependent oxalate secretion in CFEX-null mice, consistent with the role of CFEX as a Cl À -oxalate exchanger. 42 Further supporting the concept that CFEX plays an essential role in mediating intestinal oxalate secretion, a significant reduction in fecal oxalate concentration was noted in CFEX-null mice, 36 as shown in Figure 3e .
The differences in oxalate homeostasis between wild-type and CFEX-knockout mice are summarized schematically in Figure 4 . Under normal conditions, there is net absorption of only a small fraction of ingested oxalate. 46 Yet, as shown by the results of feeding an oxalate-free diet in Figure 3 , this small fractional absorption of ingested oxalate is the source of most of the plasma and urine oxalate even in wild-type mice. An additional portion of the plasma and urine oxalate is derived from endogenous hepatic production. The net absorption of ingested oxalate in wild-type mice is modest owing to a large CFEX-mediated secretory flux of oxalate in the intestine, as indicated in Figure 4 . In CFEX-null mice, this secretory flux is greatly reduced, leading to enhanced net absorption of oxalate, hyperoxalemia, and hyperoxaluria, as also shown in Figure 4 . Thus, CFEX plays a major constitutive role in limiting net intestinal absorption of oxalate, thereby preventing hyperoxaluria and calcium oxalate urolithiasis. From a clinical perspective, these studies suggest that inherited or acquired defects in the function or regulation of CFEX are potential molecular mechanisms causing hyperoxaluria and calcium oxalate urolithiasis. For example, the predisposition to enteric hyperoxaluria and nephrolithiasis observed in patients with small bowel disease or resection 47, 48 has been attributed to enhanced oxalate absorption stimulated directly and indirectly by increased luminal levels of bile salts and fatty acids. 45 These new studies raise the possibility that loss of CFEX-mediated oxalate secretion in the small intestine may also contribute to enteric hyperoxaluria.
CONCLUSION
The purpose of this review has been to summarize evidence for the function of CFEX as a Cl À -oxalate exchanger that plays essential roles in renal physiology and pathophysiology. In the proximal tubule, CFEX mediates oxalate-dependent NaCl absorption. In the intestine, CFEX mediates oxalate secretion and thereby limits net absorption of ingested oxalate, a process critical for the prevention of hyperoxaluria and calcium oxalate nephrolithiasis. Nevertheless, it should be emphasized that CFEX is a multifunctional protein that is capable of mediating other anion exchange processes, such as Cl À -HCO 3 À exchange. Indeed, studies in CFEX-null mice have demonstrated that a significant component of bicarbonate secretion in the duodenum is mediated by CFEX. 40 Moreover, a mutual functional interaction between CFEX and CFTR has been described, indicating that CFEX is also capable of playing a role as a regulatory protein. 34, 49 The possible contributions of CFEX to renal physiology and pathophysiology by virtue of functions other than mediating Cl À -oxalate exchange remain to be fully elucidated. Figure 4 | Oxalate homeostasis in normal and CFEX-knockout mice. The primary defect in CFEX-null mice is a greatly decreased secretory flux of oxalate in the intestine, leading to enhanced net absorption of ingested oxalate, increased plasma oxalate concentration, and increased renal oxalate excretion.
